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TffS SPACE-TIHE EVOL~ION OF THE NGNLINEAR‘IW-STREM 1NSTABILIT%

Don S. L.sons, tfichael E. .Yonea, and Hum Lee
AdvancedConcepts ●nd Plasma Application Group

Loo Alamom National Laboratory
Los Alamos, New ffexico 87545

Abstract

A cold ●lectron beam penetrating ● cold plasma

is ●lectrostatically unstable. The instability

produces a growing electric field that maturates when

the beam ●lectrons ● re ~uddenly trapped by ● single

wave. Durin$ trapping ● significant ●mount of !oergy

is transferred from tht beam to the field ●nd

ultimately to the plasma. At Los Alsmoa errperimentn

are being performed that demonstrate this ●nomalous

beam-driven planma heating.

The heating efficiency is ● function of the

phase velocity of the trapping wtve. According to

our generalization of a previous calculation, the

Instability is ●tsolute ~r,d its wave form ●volves in

both apace ●nd Gime. f40difying trapping theory to

account fo[ the space and time evolution of ●he

two-stream instability, we f?nd that the heating

●fficiency chould change in time. This prediction is

in agreement with results from owe-dimcnsiorsl PIC

simulations.

Introduction—.

For years thert has b~en ●n intere~t in using

relativistic electron beams (ftSB’s) to heat plasmas

to thermonuclear temperatures via ●n ●noamlouo bearn-

plasma interaction At Los Alamo-, for ~natoncel the

Anomalous Intensr Dri$~r! (AID) ●xpcrim?nt [1,2] is

pr~srntly being upgradrd to include the capability of

firiug ● 5-tfeV, lt)-kJ RSlt into not only ● neutral cas

hut also into ● preformed n @1017 cm-3 density
P

plasma. Recently wc have performed numericsl simula-

tions in which the efficiency of be-m-to-plaema

●nrrgy tranfifer chanueo in tin~ during the betm pul~e

intrrasirtg to #n ●urh os 30-50%, twice its Anitia!

valur, brfore reach,ns a ●aximum rnnd decre~sing,

Thin ●fficl?ncy cnhancernrnt occurs when beam ●l@c-

tronn are trapped by two-ntrsam inrntahllity productwl

UaVeN whose phan? lp@@(tn ● re l-so than th? phau~

ape-d of th? meal rapidly grrrwing wave,

ln this rqmrt we define a b?am-to-plaams oner8y

transfer ●ffiriPncy s ● D th? ratio of b~am ●nergy

denmity lost AS to tho irri~ial total beam ert?rgy

drnrnity nt)mc)yl) 00 that c e AfJ(nt)mc2yh), Po~_ibly J

more meaningful d~finitiou of efficiency is the ratio

of beom ● n?rgy denuity lust to inil(sl kinatir- @ncrSy

Cyb;(l - Yb). Here we u$e the parameter c because it

has been suggested [3,4] that C is ● funckion not of

the relativistic besw factor yb ●nd beam-to-plasma

density ratio q.inp independently but only of a

single strength pnrameter S, where S is & simple

function of yb ●nd ~/np. We find that, ●lthOIIgh &

can be parametrized with S for specially prepared

periodic simulations ●nd that S can be generalized to

include space-time dependence, the atrengtti pnrameter

ia not ●n ●dequate parameter f.>r the ●periodic simula-

tion moat relevant to laboratory ●xperiments.

Strength parameter Scaling

Consider a cold beam penetrating a homogeneous

plasma. It ia two-stream unstable ●nd produceL a

spectrum of growing wsvea. When one of these waves

of phaae speed vo= ~Oc becomes strong enough to

trap, say, a fraction i T
of the beam electrons tm-

tween wave creata, these electrons reflect elas-

tically ●nd coherently from the downstream wave

crest. In this “rigid rotation” model, the trspped

●leCLrOI16 suffer rnoeIentum reVerSal hut no energy ]Otifi

in the ~ave frame, Taking intu ●ccount relativistic

●ffrctn, the model leads to the trneral exprraslon

for c~ergy leas in the lab framr

c=fTs/(l+s) , {1)

where s = 2#by~Afl and ~ = ‘1, - P. ●sslminlt lhp ‘avr

phaae sp~ed ia relativ~ly close to the b~am apecd ao

that A@ ~K h’
If th~ trapping wave in the wav~ C( maximum

8ro~th rat~ calculated from linear fluid equ~t iona

this context, Thodr ●rgued that thp fra~tinll “f
3f2

?l@ctronn trapped fT * 1/(1 + S) , This r?n,]ltn in

●n efficiency c e S/(1 + S)
!l/2 ,:,], fhbaequetlt Iy,

the ahifl~d S scaling r w 1,5 S/(i + Is S)’”2 Yan

shown to ~gr?~ somewhat better with r~aultm from full

[’)1
t h?



has ● phase speed leas than the wave of maximm

growth rate. In ●ll cases the simulations were

perf-,rmed with the code BICKNIE [6] ●edified to be

puiely ●lectrostatic. Energy conservation ia ●lways

better than 5X ●nd usually better than 2%.

Figure 1 presents & verms S = ~yb(~/2np)1/3

for some 30 periodic simulations with wavelength

equal to that of the ●ost Jnstablc linear mode. The

simulations cover a wider range of parameters than

previously published: 10-4 s n@p s 10“1 ●nd 2 S

yb S 16 with O < S < 2, The cumulation transfer

efficiency c was defirmi in terms of the mimimum beam

●nergy during the first trapped particle oscillation.

N?te that while &he simulation dat~ roughly follows

the scaling t = 1.5 Sf(a + ],5 S)512, the iobfest

density simulations follow the S/(1 + S) curve ●nd

●chieve higher efficiencies than the higher density

ones. For ●xample, c E 27% for ~/np = 10-4, y = 12,

●nd 3 = 0.4., as opposed to & % 18% predicted by the

&= i.b S/(1 + 1.S S)5/2 curve.
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Phase Velocity Dependents

For regions of phase space in which the transfer

●fficiency c is an increasing function of the

strength parameter, it should be possible to lnrrease

& for ● beam of definite yb ●nd ~/np by decreasing

the phase speed fl$ of the trapping wave so that

fill (~ - @@) ●nd consequently S increaaes. Later we

●rgue that this can happen naturally in time in

●periodic ●nd laboratory systems. Here we demon-

strate the principle in periodic systems by calculat-

icr$ c for a particular beam interacting with waves of

various wavelengths, various phase speeds, and less

than ●aximum growth rates.

In Fig. 2 these transfer efficiencies are plot-

ted versus S where A@ is determined with linear

theory for each wavelength simulated, Three dif-

ferent sets of data corresponding to various wave-

lengths
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Fig. 2. Eflicienry t ■ AE/(n,)mc2yh) vrraun strength

papam~ter S ■ 2~by~~ where AS in thr beam

energv lost to the plaataa arr(! firld itt

one-dimorraional, periodic, PIC simulatlonM,

simulation lensthn are equal to ●rvrral

wavclengthn for each net of beam parsmetrrrn,

●nd Af) is the phs-e vrlo<ity shift (p,, - ho)

for aach wavrflmrgth. ‘arametern for thr

vat’iuun ●imulationn ● re in ordrt of int rrak-

ills !$: ● n /11 ~ ,001, y,, ~ 6,0, L(’/ul *
h \$

6,6220, 6,2364, 6,194(I*, 6,144Q, 6.091!;

*n/n
bp

= .01, h ● 2,(), Lc/’w @ 6,2H12,

3!nlln, 3L’)n41M, 4,9414, 47242;&ll,,/11,) *

,01, yb W 00, l.(wl, ● 6>4775, 6,JH:IJ,

6,11t19*, 6,00f)9, W*velrwkthD ■arhrd with ● t)

●aterlrk a r* the wavel?n~(ha o f ●allllallm

~row!h rate.



parameters yb ●nd n@p ● re shown. In ●ach set the

point corresponding to maximum growth rate when

S = B~Yb(~/2np)
1/3 is identical to the corresponding

poiot plotted in Fig. 1. Note that, surprisingly,

not only does decreasing the phase welocity ●nd

consequently increasing @ ●nd S incrsase & in the

region of parameter spsce where 1.5 S/(1 + 1.5 S)5’2

is increasing but c increases with S in ●ll c~ses.

While this result is encouraging for heatiq experi-

ments, it ●lso indicates that there is no S-scaling

of c good for ●ll the different ways of changing S, a

result that is also supported by results reported in

the last section.

Space-Time Dependence

In aperiodic simulations ●nd laboratory experi-

ments the complete npectrum of instability produced

waves is aliowed to grow and interact with the beam.

Because the beam-stationary plaama type of two-stream

instability is abaolute, there tire unstable waves

with phaae speeds and growth ratza less than those of

thr most unstable wavr that can trap the beam up-

stream of the point of initial trapping ●fter the

timr of initial trapping [7],

Specifically, consider a spectrum of waves

forming ● wave packet generated by the beam-plinma

inst.lbility from ● localized noiar source ● t thr

●pace-time point z = O, t = 0, Th* envelope of thr

wave packr( E(z,t) haa a apacr-timr deprndencr of

(2)

for () < z c Vi)t ●nd [nF/(npy~)]l’3 ~~ 1 [8,9] Thrre

iII ● phaar a~med ~
4

●aaociated with cvrry apacr-timr

point in this packet such that the phasr velocity lag

AP=Pl)- 11+ irn tiven ,,

(3)

through l~adlng ord~r in A$/~l) [10] Since th? wave

●mplitude nrc-emuary to trap a hram of particular

cNerBy and dennlty, Yl) ●nd n /n , remaina constant in
h p

t imr, t-he poaltion of trapping a d~rteaaea in timr t

an

Avl)t - r) m X2(Vt
ohfl

- no) , (4)

Eqa. (3) ●nd (4) ●nd the definition of strength

that increaaea in time.

Since the increaae

Eq. (5) ia caused by the

of the wave trapping the

●rive ● t & atrengtb param-

1/2
-2

)
(5)

of S with t ● a defined in

decreaae in the phase apeed

beam, the c veraus S curves

● s determined from ●Feriodic aimulationa of parti-

cular beam-plaama interaction in Fig. 3 should be

●i,milnr to the c veraua S curvca of Fig. 2 detemined

from ● aeriea of periodic simulations with the same

paranetera yb ●nd nbinp but varying wave phaae speed.

Thr pointa iu Fig. 3 ● re from the simulation produced

numbers, ‘o --the time of initial trapping, t--the

aubaequent times ● t which G ia meaaured, E ● n average

●fficiency over ● 100-.?09 w-) interval centered on t,
P

0.4

0.3

c 0.2

0.1

0,0
o 0.s I.s 2s’

Fi~, 3, gfliciency t = &/(nbmc2yb) vertua ntrenath

paramet?r S wh~rr M, ia the beam energv Ioat

to the plaama ●nd field iII one-dimensional,

●periodic FIC ●imulalfona ●mf S la detot-

#in*d from Y.q, (5), Parameters for lhe

varioua @lmulalinn@ ● re iII or’d?r of increaa..

ins S: .n /n
bp

= .001, yb = 6$0, tow,, ● 1300,

tut 9 1300, 1S00,1700, 1900,21~)0,2:100 , 2S00,
P

2700; + n /n = ,01,
h p $, W 2.(), t w = 2W,

OP
350,430,!,9t),b%0,7?J0,850,950 ;@n In II .001,h p
yb R 2,1~, tOWp ● 350, Uup = 350,450,5!0,630,

7s0,530,9%0



and the definition of S(t) ic Eq. (5). The points in

Fig-. 2 snd 3 with yb = 6, n.#np = .001 do indeed

roughly lie ●lend #imilar Curves indicating the

observed efl ncy ●nhancem-at is csused by trapping

with low-pbas, Zelocity waves. Late in time, how-

●ver, tome of ti. ●fficiencies reach ● peak ●nd begin

to decline. Tbe cause of this decline is not yet

understood.
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